Abstract An H-2 k MHC locus is critical for murine cytomegalovirus (MCMV) resistance in MA/My mice and virus control is abolished if H-2 k is replaced with H-2 b
Introduction
Greater than half of the world population is likely infected with human cytomegalovirus. While asymptomatic in healthy adults, it can cause birth defects in infants as well as severe morbidity and mortality in immunocompromised persons (Landolfo et al. 2003) , particularly in individuals with natural killer (NK) cell deficiencies (Orange 2002) . MCMV has been used as an experimental model for the human pathogen and for the purpose of identifying host defense genes, especially those that are vital in the innate immune system (Beutler et al. 2005; Scalzo et al. 2007) . Cmv1 r , a major MCMV-resistance locus in C57BL/6 mice, was initially genetically mapped to the NK gene complex (NKC) on distal chromosome 6 (Scalzo et al. 1992) . The Ly49h gene has since been shown to confer Cmv1 resistance (Brown et al. 2001a; Daniels et al. 2001; Lee et al. 2001a ). The Ly49H activation receptor expressed at the surface of NK cells can bind MCMV m157, an MHC class-I-related protein displayed by infected cells, to target virus specific NK cell-mediated immunity (Arase et al. 2002; Smith et al. 2002 ). Yet, Ly49H has no human ortholog and dominant virus resistance afforded by it is rare in wild mice (Scalzo et al. 2005) . In earlier studies, Chalmer et al. found that MHC and non-MHC loci affected host survival after MCMV infection (Chalmer et al. 1977) ; however, substantial H-2 k protection from lethal infection was never attributed to T cells. A possible role for NK cells was instead suggested (Grundy et al. 1981) , and in accord with that hypothesis, Scalzo and Shellam showed that genetic factors also affect viral replication in infected spleen tissue and that NK cells are essential to MCMV resistance in MA/My (H-2 k ) mice (Scalzo et al. 1990 (Scalzo et al. , 1995 . Nonetheless, major virus resistance loci were not previously mapped for the MA/My strain.
Using a genetic approach to analyze MCMV resistance and -susceptibility traits in (MA/My × BALB/c) F 2 offspring, Vidal and coworkers observed that NKC and MHC loci could interact in an epistatic way in resistance to MCMV infection (Desrosiers et al. 2005) . In separate work, we analyzed similar trait differences in backcross and F 2 offspring of MA/My and MCMV-susceptible C57L mice (Dighe et al. 2005) . It was reasoned that non-NKC, non-MHC genes could be uncovered because MA/My and C57L NKC-Ly49 haplotypes were previously shown to be highly related (Brown et al. 2001b ). H-2 k -linked resistance to infection observed in our initial analysis has since been validated using reciprocal H-2 congenic strains of mice and more precisely mapped to the MHC class I D locus (Dighe et al. 2005; Xie et al. 2007 Xie et al. , 2009 ). Nonetheless, still-unknown loci must also contribute some resistance effects since the observed genetic variance in MCMV replication in F 2 offspring was not fully accounted for by an MHC locus (Dighe et al. 2005) . In agreement with that possibility, H-2 k resistance varies in different genetic backgrounds and NK cells still became activated to produce IFN-γ in MCMV infected mice with H-2 b MHC loci (Xie et al. 2007) . Genetic and NK cell functional data therefore implicate additional non-MHC loci which could have a significant impact on virus immunity.
In the current work, we analyzed MCMV control traits in (C57L × MA/My)F 2 and (MA/My × C57L)F 2 offspring so that non-MHC linked effects, including a potential chromosome X-linked Cmv2 locus (Rodriguez et al. 2004 (Rodriguez et al. , 2009 ) could be precisely mapped. Beyond clear-cut MHC genetic control, two MCMV-resistance loci were mapped on chromosomes 6 and 19. Our data provide biological confirmation for NKC genetic control in a system not previously known for its polymorphism. The data further support that the NKC can contribute additively to enhance MCMV resistance in the context of H-2 k as well as provide H-2 k -independent virus control in this system. Because recent genetic studies have implicated a potential role for NK cell receptors and particular MHC class I proteins with protection in human virus infections (Alter et al. 2007; Heeney et al. 2006; Khakoo et al. 2004; Martin et al. 2002 Martin et al. , 2007 , this genetic system may prove to be a highly relevant model to examine NK-mediated virus immunity under MHC regulation.
Materials and methods
Mouse care and handling BALB/c, MA/My, and C57L breeder pairs were purchased from The Jackson Laboratory and housed in the MR-5 specific-pathogen-free vivarium at the University of Virginia, which is fully accredited by the American Association for Accreditation of Laboratory Animal Care. C57L.M-NKC mamy congenic mice were generated and have been maintained at UVA (Xie et al. 2007 (Xie et al. , 2009 ). F 1 and F 2 mice were bred and housed in the same vivarium. The direction of a given cross has been specified by the cross nomenclature in the text. C57L ♀ × MA/My ♂ outcross issued (C57L × MA/My)F 1 offspring (LMF 1 ). Likewise, a MA/My ♀ × C57L ♂ outcross issued (MA/My × C57L)F 1 offspring (MLF 1 ). All animal studies were approved by and conducted in accordance with Animal Care and Use Committee oversight.
Virus infection and assays Salivary gland stock virus (SGV) was prepared after serial passage in BALB/c mice as described previously (Rodriguez et al. 2004) . Average virus titer was determined in three to five independent titering experiments on NIH3T3 monolayers. Experimental mice (8-12 weeks of age) were infected intraperitoneally with 1×10
5 PFU MCMV, a dose which we have determined to be the LD 50 for our virus stock in BALB/c mice (data not shown). To study the role of NK cells during MCMV infection, mice were i.p. injected with 200µg of mAb PK136 and depletion confirmed via flow cytometric analysis as described (Dighe et al. 2005 ). Mice were euthanized 3.5 days post-infection (84-90 h), and spleen and liver genomic DNA samples were purified using a kit (Gentra Systems, Minneapolis, MN). Virus levels were quantified using quantitative real-time PCR (QPCR) as previously described (Dighe et al. 2005; Wheat et al. 2003) . All sample measurements were performed in triplicate. MCMV levels (average of triplicate measurements) were reported as log 10 (number of MCMV genome copies per number of β-actin genomic copies). Minitab (v15; Minitab Inc., State College, PA) was used to generate box and whisker plots of virus levels.
Genotyping and quantitative trait mapping A panel of 64 published (Rodriguez et al. 2004 ) and previously unpublished (Table 1 ) fluorescent-labeled simple sequence length polymorphism (SSLP) markers that distinguish C57L and MA/My alleles was used to determine genome-wide genotypes for genomic DNA samples described above. SSLP amplification products were analyzed using the 3130xl Genetic Analyzer using Data Collection (v3.0) and GeneMapper Software (v4.0; Applied Biosystems, Foster City, CA).
R/qtl (version 1.07-12) was used to perform single-QTL genome scans by Haley-Knott regression using a step size of 1.0 cM . Virus levels were log 10 transformed for the R/qtl analysis and regression was based on 64 markers spread throughout the genome. Since our genotype data was nearly complete (99.89%), HaleyKnott provides a very close approximation to expectationmaximization likelihood (Haley and Knott 1992) . LOD scores were calculated by dividing the likelihood ratio statistic by 4.61 (twice the natural logarithm of 10). Significance thresholds were calculated via 10,000 permutation replicates using Haley-Knott regression at 1.0 cM step size (Churchill and Doerge 1994) . Because of the presence of a large effect QTL, the scan was repeated using D17Mit16 as a covariate in a single-QTL scan (conditioning). Conditional LOD scores were obtained as log 10 likelihood ratios, with the specified locus (D17Mit16) included in both the null and alternative hypotheses (Broman and Speed 2003) . We searched for loci that interact with the large effect locus by including D17Mit16 as an interactive covariate. Search of the model space was performed using forward selection followed by backward elimination, and the best model was chosen according to a penalized LOD score extension of the permutation-based model selection criterion proposed in Broman and Speed (2003) . Models were fitted using Haley-Knott regression. To compare strength of evidence for epistatic and additive models on chromosomes 6 and 17, a test of epistasis was performed in which the epistasis LOD score was calculated as the difference of the best full two-QTL interaction model and the best two-QTL additive model on chromosomes 6 and 17, and compared to the empirical permutation distribution.
In total, the spleens of 275 animals were studied including a new cohort of 144 F 2 offspring (includes LMF 2 and MLF 2 animals) and a cohort of 131 (C57L × MA/My)F 2 offspring genotyped before (Dighe et al. 2005) . The liver analysis includes 144 F 2 offspring with 86 LMF 2 mice (Dighe et al. 2005 ) for a total of 230 mice. As results were combined among studies, raw data was pooled and reanalyzed in toto. Genotyping was complete: from the new cohort of 144 F 2 offspring, six animals were missing a single marker genotype and from the previously studied cohort of 131 F 2 offspring, ten animals lacked a single marker genotype and one mouse with three missing.
Results
MHC and non-MHC genetic factors affect MCMV resistance in LMF 2 and MLF 2 offspring MA/My and C57L mice (multiple breeder pens) were outcrossed in both directions. The offspring generated for analysis include 73 (C57L × MA/My)F 2 (hereafter referred to as LMF 2 ) and 71 (MA/My × C57L)F 2 (hereafter referred to as MLF 2 ). All LMF 2 and MLF 2 offspring were typed for several H-2 loci. As expected, a normal Mendelian frequency of MHC genotypes was observed in the LMF 2 offspring (Table 2) . Curiously, a 1:1:1 MHC genotype distribution was sometimes observed for MLF 2 offspring such that H-2 heterozygotes were underrepresented. Comparison of the observed (Table 2) . Although this occurrence was somewhat irregular, when H-2 haplotype skewing among MLF 2 offspring was evident, it was seen in litters from different breeder pens produced in a given round of breeding and in multiple rounds of breeding. LMF 2 and MLF 2 offspring were infected with MCMV and quantitative real-time PCR (QPCR) was used to measure spleen and liver virus levels. Consistent with previous data (Dighe et al. 2005) , spleen MCMV levels generally corresponded with H-2 genotypes in the F 2 offspring and further highlighted the importance of a strong QTL on chromosome 17 ( Fig. 1; Table 3 ). Also significant, H-2 k homozygosity corresponded with additive protection by comparison with H-2 heterozygotes (spleen, p≤0.001; liver, p≤0.00005). Thus, an H-2 k MHC locus provided substantial genetic protection in LMF 2 and MLF 2 offspring infected with MCMV.
Importantly, there were indications of H-2-independent control. First, a non-normal distribution of virus levels (p< 0.005, Anderson-Darling Test) was observed in the H-2 k/b offspring. By examining the distribution of the number of animals versus virus level, we have observed a bimodal distribution (data not shown), indicating that additional MCMV-resistance loci beyond the MHC afforded some virus protection. Secondly, two of 35 (5.7%) H-2 b homozygous F 2 offspring had very low spleen virus levels, which we have observed previously (Dighe et al. 2005) . In fact, genotype skewing (discussed below) might have reduced the frequency of H-2 b F 2 animals with low MCMV. A sex or cross-direction specific difference in virus control was not observed (data not shown). Thus, MHC and non-MHC loci likely affected MCMV resistance in the LMF 2 and MLF 2 offspring.
Non-MHC-linked MCMV resistance genetically mapped to chromosomes 6 and 19 To map chromosome locations for non-MHC MCMV-resistance loci, F 2 animals were genotyped with a panel of genome-wide SSLP markers for MA/ My and C57L alleles (Table 1) . For greater statistical power in the analysis, the current F 2 cohort (n=144) was combined with another LMF 2 cohort (n=131) genotyped previously for a total of 275 F 2 mice for linkage analysis. The data were analyzed using Haley-Knott regression in R/ qtl and the genome-wide logarithm of the odds (LOD) scores plotted ( Fig. 2a ; . As seen by LOD score, two non-MHC loci on chromosomes 6 and 19 were suggestive (90% confidence). A suggestive linkage (LOD<4.3; Lander and Kruglyak 1995) for the strongest non-MHC QTL was found on chromosome 6 near the distal NKC marker D6Wum25 (Table 3) , with MA/My alleles affording increased resistance. Because of a very strong main effect QTL, the data set was further analyzed after conditioning on D17Mit16 as a covariate in a single-QTL scan so as to identify other potential QTL (Broman and Speed 2003) . A strong genetic association with MCMV levels by conditional LOD score coincided with a proximal NKC marker D6Wum42, with the highest LOD score between it and D6Mit328 (Fig. 2b  and c) . As LOD scores can be inflated at positions between markers, the NKC is a prime candidate to affect virus control since its clustered genes for cell surface receptors contribute to NK cell effector functions (Brown and Scalzo 2008) .
Further analysis using effect plots revealed a D6Wum42 effect, with protection afforded by MA/My alleles. The observed protection was greatest in homozygous D17Mit16 mamy F 2 offspring with even one D6Wum42 mamy allele; a similar trend was observed in D17Mit16 het F 2 animals (Fig. 2d) . Curiously, when MCMV levels were considered separately for LMF 2 and MLF 2 offspring, a D6Wum42 resistance effect was evident in LMF 2 offspring (Fig. 2e) , but was missing in homozygous D17Mit16 c57l MLF 2 offspring (Fig. 2f) . In fact, virus levels in MLF 2 offspring with a D17Mit16 c57l D6Wum42 mamy combined genotype were 15-fold higher than in LMF 2 offspring with the same genotype. Nonetheless, even modest resistance in F 2 offspring homozygous for D17Mit16 c57l and D6Wum42 mamy ( Fig. 2d) suggested that an NKC-linked QTL might provide some H-2-independent virus resistance. We next searched for potential interacting loci by including D17Mit16 as an interactive covariate in R/qtl analysis. A model was generated in order to examine how non-MHC loci contribute to virus control in the context of H-2 k . Both interaction (epistatic) and additive effects were considered and models were fitted with Haley-Knott regression, as our genotyping was complete (see "Materials and methods" section; Broman and Speed 2003) . Different from genetic epistasis between MHC and NKC loci in MCMV resistance observed before (Desrosiers et al. 2005) , there was no evidence for such an interaction in the current cross. To formally assess a possibility of genetic epistasis, a likelihood ratio test comparing the best full two-QTL interaction model to the best additive model involving QTL on chromosomes 6 and 17 was performed. The LOD score for the full model, which takes into account both epistatic and additive effects was 37.1. The epistasis LOD score was only 0.64, which corresponds to a genome-wide p value of >0.99. An additive model for MHC and NKC loci on chromosomes 6 and 17 was highly significant (Table 4 ); the best model had a LOD score of 36.48 and accounted for 45.7% of the phenotypic variation. Thus, in this strain combination, MHC and NKC loci appear to contribute additively to virus resistance.
Another suggestive non-H-2 association was linked with D19Mit68 on chromosome 19 (Table 3) . To further interrogate this association, LMF 2 and MLF 2 animals were stratified by D19Mit68 genotypes. We found that virus levels were significantly lower in D19Mit68 c57l F 2 spleens than in D19Mit68 het or D19Mit68 mamy F 2 spleens (Fig. 3a) . Curiously, further stratification of the data set by D17Mit16 revealed that D19Mit68 c57l D17Mit16 c57l F 2 offspring were significantly underrepresented (Table 5) , an outcome not unlike that of H-2 skewing seen with MLF 2 offspring ( Table 2) . Despite this, a D19Mit68-linked QTL apparently extended MHC protection in F 2 offspring homozygous for H-2 b or H-2 k since MCMV levels were generally or significantly lower when one or two D19Mit68 c57l alleles were also available (Fig. 3b) . Thus, a D19Mit68-linked QTL confers MCMV resistance and enhanced MHC protection.
The NKC contributes MHC-independent MCMV resistance To validate its role in MCMV resistance, we crossed an NKC mamy haplotype onto the C57L background. C57L.M-NKC mamy and C57L.M-NKC het congenic mice were generated and tested with MCMV infection. We found that C57L.M-NKC het had significantly lower virus levels than C57L.M-NKC mamy and C57L (Fig. 4) . Interestingly, NKC het protection was mediated through NK cells since their depletion prior to infection led to a significant increase in both spleen (p≤0.02) and liver (p≤0.05) virus levels. Thus, an NKC locus contributes MCMV resistance in this genetic system, which further underscores its importance in viral immunity.
Genetic determinants of MCMV resistance in the livers of infected F 2 mice Fine differences in spleen and liver MCMV immunity have been detected (Scalzo et al. 1990; Tay and Welsh 1997) , though IFN-γ and perforin contributed through NK cells were needed in both organs (Loh et al. 2005; Sumaria et al. 2009 ). In the current work, virus a Individual contributions to the model from each QTL are calculated using ANOVA b Additive model generated as described in "Materials and methods" section levels were significantly lower in spleens than in livers of infected H-2 k homozygous and heterozygous F 2 offspring (Fig. 1) . In contrast, virus levels were lower in livers than in spleens of infected C57L and H-2 b F 2 offspring ( Fig. 1 ) and this differential genetic and immune control of MCMV replication in spleens and livers of infected mice is consistent with our previous work (Xie et al. 2007 (Xie et al. , 2009 ). The MHC region of chromosome 17 had a dramatic influence on liver immunity (Table 6) , accounting for 36.9% of the trait variance while non-MHC loci had limited effects in this organ. It is interesting to note that no chromosome 6 linkage was observed in our genome-wide or conditional analysis nor statistically significant differences noted between virus levels in C57L mice with various NKC haplotypes (data not shown). Thus, the MHC-independent protection via the NKC was organ-specific and MHC-mediated control is critical in the liver.
Discussion
In this study, two non-MHC MCMV-resistance loci have been mapped using classical genetic strategies. A suggestive NKC-linked QTL (MA/My allele) on chromosome 6 which gave enhanced protection in F 2 animals has been validated. The protective effect of D6Wum42 mamy is surprising given that C57L and MA/My NKC haplotypes are highly related with the exception of the proximal NKC (Brown et al. 2001b) . Previously unappreciated, a D6Wum42 mamy protective effect in F 2 offspring and D6Wum42 het in our NKC congenic strains has revealed that the NKC can provide protection independent of H-2 k . In addition, the model indicated that MA/My NKC alleles afforded additive protection when in combination with H-2 k MHC. Both of these findings distinguish this interaction from epistasis, as both gene regions provide virus control independently and additive protection when in combination. *p<0.001; Chi-square test was used as described in Table 2 Fig The genetic analysis and biological confirmation for NKC involvement in virus resistance using NKC congenic animals suggest that NKC polymorphism can directly impact NK-mediated virus immunity. This is an unexpected finding given that distinct NKC-Ly49 haplotypes are thought to exist in mice based on genetic probing with microsatellite and single-nucleotide polymorphism (SNP) markers (Brown et al. 2001b; Lee et al. 2001b; Scalzo et al. 2005 ) that correspond well with particular Southern restriction fragment length polymorphism (RFLP) groupings for clustered Ly49 genes (reviewed in Brown and Scalzo 2008 ). As we have previously shown that MA/My and C57L NKC-Ly49 haplotypes are related (Brown et al. 2001b) , we hypothesized that Ly49 receptors displayed by NK cells of either strain are likely to be very similar in structure (Brown et al. 2001b) . Despite this, we found that their Ly49G2 receptors actually differ by a single amino acid in the extracellular domain (Xie et al. 2009 ). Subtle sequence variation detected within Ly49g might hint that the haplotypes actually differ; however, additional sequencing of the NKC-Ly49 gene clusters is needed to answer this question.
A recent study has shown that differences in the ligandbinding domain of the Ly49G2 receptor determines its capacity to interact with an MHC class I D k ligand (Silver et al. 2002) . Thus, even modest variation in Ly49 or other NKC-encoded receptors can have a significant impact on ligand binding, which could then also influence NK cell effector functions, including those pertaining to virus immunity. This is more interesting in light of recent studies which have shown that select human KIR and HLAcombined genotypes influenced susceptibility to chronic viral infection (Alter et al. 2007; Carrington and Martin 2006; Khakoo et al. 2004; Martin et al. 2002 Martin et al. , 2007 Parham 2005 ). An important feature of the genetic system studied here is that it provides a new model for investigating how NKC and MHC genetic variation can affect NK-mediated virus immunity.
Evidence for this was revealed by comparison of MCMV-resistance traits in F 2 and NKC congenic animals without H-2 k protection. (Johansson et al. 2009 ). Interestingly, recent data have shown that KIR AB haplotype heterozygosity is associated with enhanced responsiveness of human CD56 dim NK cells to cytokine stimulation (Korbel et al. 2009 ) and with protection from HIV infection (Jennes et al. 2006) .
Among human populations of the world, selective pressures, including resistance to infection and reproductive competency, have apparently influenced retention of KIR A and B haplotypes specialized for either function, respectively (Parham 2008) . The AA KIR haplotype has been associated with preeclampsia and recurrent miscarriage (RM) when the fetus possesses at least one C2 HLA haplotype, which has been proposed to occur via inhibition of uterine NK cells (Hiby et al. 2004 (Hiby et al. , 2008 . Perhaps such inhibition of uterine NK cells in MLF 1 mothers contributed to the significant underrepresentation of H-2 k/b MLF 2 offspring and the striking low frequency of animals with a combined D17Mit16 c57l D19Mit68 c57l genotype. In the current work, uterine NK cells in close proximity to fetal H-2 k/b trophoblasts in the decidua could be strongly inhibited due to engagement of NK inhibitory receptors in MLF 1 mothers, whose NK cells become licensed on H-2 k and H-2 b class I proteins. If so, NK-dependent trophoblast invasion, spiral artery remodeling, and establishment of the fetal-maternal interface may be hampered, thereby leading to a decreased blood supply to the developing fetus and loss. NKC het encoded NK receptor diversity in congenic mice may provide a model for understanding the basis for how selective pressure is at work to shape NK cell functions and contributions to individuals and populations. Another important discovery predicted by our genetic analysis, a non-MHC, non-NKC MCMV-resistance QTL has been mapped on chromosome 19. Curiously, D19Mit68 c57l was associated with MCMV resistance; thus the QTL is understood to be transgressive since it confers protection, but was contributed by the susceptible strain. More interestingly, its greatest effect was observed among the group of mice without H-2 k resistance (i.e., D17Mit16 c57l ), as revealed by stratifying for both markers. Despite a merely suggestive linkage, D19Mit68 c57l
D17Mit16
c57l F 2 animals were significantly underrepresented (i.e., observed frequency=1.45%) in the cohort. Thus, its overall effect may have been underestimated in the current study. A trend toward greater resistance was also seen in D19Mit68 c57l
mamy F 2 offspring. Furthermore, we have shown that H-2 k MCMV resistance is significantly greater in the C57L background than in the MA/My background (Xie et al. 2007) , which has implicated still-unknown genetic modifiers. A prime candidate for additional MCMV-resistance effects is this D19Mit68 c57l -linked QTL. The region flanking D19Mit68 contains several interesting candidates known to be involved in virus defense including Unc93b1 (Tabeta et al. 2006) , NF-κB subunit p65 (RelA), and PTK1 (Mlk3). Validation and refined mapping for a chromosome 19 QTL is in progress.
Our data support a model whereby distinct genetic factors may affect virus control in different organs, with H-2 playing a predominant role. Interestingly, we consistently observed in H-2 b mice that MCMV levels are significantly lower in liver than spleen. Because NKT cells are abundant in this organ, and because they can rapidly produce important cytokines including IFN-γ, they too might contribute some protection. Indeed, it has been shown that NKT cells are rapidly activated after MCMV infection and that stimulation of NKT cells during MCMV infection can augment NK cell-mediated virus control in spleen and liver of BALB/c and C57BL/6 mice (Wesley et al. 2008; van Dommelen et al. 2003) . Nonetheless, a direct role for NKT cell-mediated MCMV resistance has not been demonstrated. In accord with this, we have not found a significant alteration in MCMV levels in spleen or liver after depletion of T cells, including NKT cells, via anti-CD4 and anti-CD8 treatment (Xie et al. 2009 ).
In summary, distinct NKC and chromosome 19 (non-MHC) loci independently affect MCMV resistance, in addition to MHC protection, in this defined model genetic system. Elucidating the additive interplay among non-MHC and MHC adds to our understanding of how NK cell receptor and MHC ligand polymorphism, and their interactions can enhance viral immunity.
